Introduction.
-I n order t o r e a l i z e t h e use o f t h e same standard f o r l e n g t h and time, a frequency chain i s required t o r e l a t e microwave t o o p t i c a l frequencies. This i s so not only f o r t h e process o f e s t a b l i s h i n g t h e new d e f i n i t i o n o f length i n terms o f t h e Cs 9 GHz t r a n s i t i o n , as now proposed, but also i n t h e l i k e l y event t h a t a new standard w i l l replace t h e Cs standard i n t h e n o t t o o d i s t a n t future.
An improved new standard might w e l l be provided by t h e sharp resonances i n OsO, o r SF a t about 30 THz (10 rm) o r some other o f t h e proposals discussed i n t f f i s conference; t h e need f o r such a chain i s a l s o i m p l i c i t i n t h e increasing use by spectroscopists o f standards throughout t h e i n f r a r e d , based on frequency measurements.
The frequency chain being set up a t N.R.C. i n Ottawa, t o f i l l t h j s need, i s conveniently described as two parts: t h e f i r s t , operating i n t h e region where p o i n t contact diodes operate as harmonic generators, aims a t producing CO, l a s e r emission i n t h e 10 fl (30 THz) region, which w i l l be phase locked t o t h e Cs primary standard; it i s intended f o r use not only as a base t o extend frequency measurements t o t h e v i s i b l e spectrum, b u t a l s o t o compare t h e frequencies and r e p r o d u c i b i l i t i e s o f t h e Cs standardandthe above mentioned l i n e s i n t h e 30 THz region. The second part, covering t h e region through which the e l e c t r i c a l response o f p o i n t contact diodes appears t o f a l l o f f and non l i n e a r o p t i c a l c r y s t a l s must be used, aims a t extending t h e chain t o standards i n the v i s i b l e spectrum, Microwave t o 30 THz Chain.-The microwave t o 30 THz p a r t o f t h e chain i s being s e t up by B.G. Whittord.
It makes use o f intermediate frequencies generated i n the drode by simultaneous r a d i a t i o n from two CO, lasers, operating on appropriately d i f f e r e n t t r a n s i t i o n s , instead o f using frequencies d i r e c t l y generated by m a t e r i a l s such as HCN, H20, CH30H etc., as has been t h e p r a c t i c e i n other laboratories. This method has the advantage o f using only simple, convenient C02 lasers, although t h i s advantage i s somewhat o f f s e t by t h e r e l a t i v e l y weak signals provided by t h e d i f f e r e n c e frequencies r e s u l t i n g i n t h e requirement o f an e x t r a step.
The chain has already been operated i n a basi'c form f o r making a p r e l i m i n a r y measurement o f t h e speed o f l i g h t by measurement o f the frequency o f a CH, , s t a b i l i z e d He-Ne laser, as previously described (1, 2) ; f i g u r e 1 shows one o f several a l t e r n a t i v e schemes: t h e output o f a -071 THz klystron, Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981854 locked t o the Cs standard, i s r a d i a t e d onto a diode where i t s 11th harmonic beats w i t h a d i f f e r e n c e frequency o f .78 THz, generated i n t h e same diode by simultaneous i r r a d i a t i o n from two carbon d i o x i d e l a s e r s operating on t h e t r a n s i t i o n s 9 um R(30) o f 12C1602 and 9 P(6) o f 12C1602 respectively. S i m i l a r l y , the t h i r d harmonic o f t h e above difference frequency i s generated and mixed i n a second diode w i t h a 2.3 THz d i f f e r e n c e frequency generated from t h e t r a n s i t i o n s 9 P(6) o f 12C160 and 10 fl P(40) o f 13C160 . I n t h e t h i r d step t h e t h i r d harmonic o f t h e 2.3 ?HZ d i f f e r e n c e i s mixed w i t 6 a 7.0 THz d i f f e r e n c e frequency generated from t h e t r a n s i t i o n s 10 fl P(40) of 13C1602 and 9 um R(48) o f 12C180, respectively. F i n a l l y t h e f o u r t h harmonic o f t h e 7.0 THz d i f f e r e n c e i s mixed w i t h t h e 28 THz signal from the s i n g l e l a s e r operating on t h e 10 pin R(6) l i n e o f 13C1802. I n each stage t h e beat frequencies ( a t approximately 729, 592, 1431 and 2611 MHz r e s p e c t i v e l y ) were measured against t h e frequency standard, thus g i v i n g t h e frequency o f the 28 THz l i n e . I n the above chain, each stage was operated and measured as a separate experiment, w i t h the r e s u l t t h a t t h e f i n a l accuracy was l i m i t e d t o about two p a r t s i n 109, because o f the r e l a t i v e l y l a r g e proportional e r r o r s i n t h e d i f f e r e n c e s between lasers t h a t were independently s t a b i 1 i z e d (by saturated fluorescence) and because o f t h e m u l t i p l y i n g e f f e c t o f t h e harmonic f a c t o r s . This e r r o r e f f e c t ought l a r g e l y t o disappear when t h e intermediate stages are used as servo-control 1 ed i d l e r s i n the complete phase-1 ocked chain t h a t i s now being set up.
I n the newly constructed chain, t h e f i v e l a s e r s are mounted on a heavy, v i b r a t i o n i s o l a t e d , concrete t a b l e i n s i d e a concrete block housing (approximately 4 m long x 2 f m wide x 2 4 m h i g h ) which serves t o g i v e p r o t e c t i o n from airborne v i b r a t i o n s and temperature e f f e c t s . The r e s u l t a n t f r e e running s t a b i l i t y o f each l a s e r (about 2 KHz width i n 1 second observation time) i s much improved over t h e former setup. The phase-locking servo c o n t r o l i s now being developed and two important r e s u l t s have so f a r been achieved.
I n t h e f i r s t , two l a s e r s were phase-locked, o f f s e t e x a c t l y 1340 MHz (referred t o t h e Rb standard), using a signal d e l i b e r a t e l y attenuated t o a value comparable t o t h e most d i f f i c u l t stage o f the above described chain; t h i s success showed: t h a t t h e W-Ni diode i s a s u i t a b l e mixer f o r such purposes, t h a t U.H.F.
l o c k i n g i s possible w i t h -110 dbm signals, t h a t l o c k i n g requires only a commercial piezo t r a n s l a t o r , and t h a t only one servoloop i s required.
I n t h e second r e s u l t , t h e t h i r d harmonic o f a d i f f e r e n c e frequency was beat against another d i f f e r e n c e frequency (stage two o f t h e chain o f f i g u r e 1) and phasel o c k i n g was attempted, but t h e i m p e r f e c t l y optimized servoloop would only l o c k f o r a f r a c t i o n o f a second, a f a u l t t h a t i s now being corrected; t h e f r e e running beat signal i s shown i n f i g u r e 2. These two r e s u l t s have shown t h a t t h e complete.phase-locked chain has an e x c e l l e n t chance o f operating successfully when a number o f improvements i n t h e e l e c t r o n i c s have been made.
It can be argued t h a t the measurement o f t h e 30 THz frequencies could be made, without the d i f f i c u l t y o f phase-locking, by t h e use o f simultaneous, d i r e c t i o n a l counting of t h e beats a t each stage during t h e measurement. A1 though t h e d i f f i c u l t i e s o f phase-locking such small signals are not t r i v i a l , i t appears evident t o us t h a t t h e system
work and t h e r e f o r e i s t h e p r e f e r r e d method; c e r t a i n l y i t would make a much more s a n i t a r y and i n f o r m a t i v e method f o r comparing t h e frequencies and c h a r a c t e r i s t i c s o f t h e SF and OsO, resonances w i t h the Cs standard, i f one could compare two s i g n a l s f h a t d i f f e r by a few megahertz, each locked t o one o f t h e standards being compared. A m p l i f i c a t i o n o f phase j i t t e r w i l l not present t h e usual problems because most o f t h e stages can be servo-controlled t o f o l l o w t h e upper frequency a t each step.
It i s worth n o t i n g t h a t , i n a d d i t i o n t o the above special a p p l i c a t i o n o f frequencies synthesized from t h e d i f f e r e n c e s between t r a n s i t i o n s i n t h e C0, 9 p & 10
bands, t h e technique can be used t o measure frequencies ranging from a few megahertz t o about seven terahertz, o r frequencies d i f f e r i n g by such amounts from known standards, w i t h i n t h e range over which t h e p o i n t contact diodes operate e l e c t r i c a l l y . The l i n e s o f t h e normal bands o f CO, 1 i n e s can be supplemented by t h e very l a r g e number o f l i n e s provided by t h e sequence bands, by t h e use o f unusual i s o t o p i c composition, etc. An i n t e r e s t i n g example o f t h e technique i s t h e method t h a t has been used by K. Siemsen a t N. R. C.
t o measure t h e frequency o f a l a s e r w e l l outside t h e g r i d o f C0, reference l i n e s . As shown i n f i g . 3, when two appropriate known frequencies f and f are mixed w i t h t h e unknown frequency f3, t h e l a t t e r can be deduced tram t h g observed beat and Ne 1.5 pn l a s e r l i n e s (4,5). These measurements were made by using sums o f frequencies (not harmonics) and attempts t o go higher w i t h p o i n t contact diodes have so f a r f a i l e d . The experiments o f Walther and h i s colleagues a t Garching (6) and Meisel a t Bonn (7) t o measure l a r g e frequency differences i n t h e v i s i b l e by p o i n t contact and Schottky diodes i n v o l v e a d i f f e r e n t mechanism and t h e diodes cannot be used as harmonic generators o r e l e c t r i c a l mixers i n t h e way t h e p o i n t contact diodes are used up t o about 200 THz.
Fre uenc Chain 30 THz t o t h e Visible.-Frequency comparison up t o 88 THz, by u s i z g po!nt contact dlodes t o generate and mix harmonics o f 30 THz l i n e s , i s r e l a t i v e l y straightforward; i t has been done i n a t l e a s t f i v e l a b o r a t o r i e s , r e s u l t i n g i n t h e w e l l confirmed value f o r t h e speed o f l i g h t proposed f o r a new d e f i n i t i o n o f t h e Metre (3). Above t h i s range
I n t h e region above 1.5 m, i t i s necessary t o use o p t i c a l l y non-linear c r y s t a l s f o r production o f second harmonics and f o r mixing frequencies. However a frequency chain i n t h i s region i s f a r from easy because o f t h e l a r g e frequency d i f f e r e n c e s between t h e r e l a t The 
o u s t i t e (P) and LiNb03 (LN). a t 3.5 p i s beat against t h e sum o f t h r e e CO, l i n e s i n a W-Ni diode, as shown;
t h e same-1 ine, added t o two other C02 l i n e s i s used t o measure the frequency of a second He-Xe l a s e r l i n e a t 2.02 man, a l s o i n a W-Ni diode. The two Xe l i n e s can be e x c i t e d simultaneously i n a s i n g l e plasma tube and are added by means o f an i n -c a v i t y LiNbO c r y s t a l t o synthesize a l i n e a t 1.28 p~ (233 THz). A second 1.28 fl signal 9s synthesized from the d i f f e r e n c e frequency between a 1.15
He-Ne l a s e r and t h e 10 pm P(26) 13c160 l a s e r l i n e by mixing i n a p r o u s t i t e c r y s t a l . According t o known values f o ? t h e Xe, Ne and C0, l i n e s , t h e two 1.28 pm s i g n a l s are expected t o be w i t h i n about 1 GHz, a d i f f e r e n c e t h a t can be measured on a Ge Schottky diode.
This would y i e l d t h e frequency o f t h e Ne 1.15 um l i n e i n terms o f t h e C02 l i n e s , which i n t u r n can be r e l a t e d t o t h e chain described previously.
The f i n a l stage t o t h e v i s i b l e i s by doubling t h e 1.15
pm Ne l i n e i n a LiNb03 c r y s t a l ; i t was achieved two years ago (8) and w i l l be reviewed b r i e f l y l a t e r . marked "C" represent t h e frequency s t a b i 1 i z i n g c o n t r o l , which w i l l e v e n t u a l l y be by reference t o C O l i n e s f o r t h e Xe l a s e r l i n e s and by reference t o an I2 l i n e , as described befow, f o r t h e Ne l a s e r l i n e . The LiNbO, c r y s t a l i s maintained a t 494OC 2 0.1' i n an oxygen atmosphere, f o r phase matching t h e 2.02 pm, 3.5 fl and 1.28 p l i n e s .
The most d i f f i c u l t p a r t o f t h i s chain, t h a t connecting t h e Xe and

The progress t o date i n operating t h i s p a r t o f the chain i s as f o l l o w s :
The Xe l i n e s , emitted by one l a s e r operating simultaneously on two t r a n s i t i o n s , have been mixed i n t h e LiNbO c r y s t a l t o produce about 1 o f power a t 1.28 vn w i t h a SIN 1 2 5 db i n about ? second averaging time. A signal o f about t h e same power and SIN was generated from He-Ne and C02 l i n e s having powers o f about 50 m W and 2 watts respectively.
The sum generation from t h e two Xe l i n e s was r e l a t i v e l y straightforward, except f o r d i f f i c u l t i e s associated w i t h t h e r a t h e r high phase matching temperature and the very accurate c o n t r o l required. The mixing o f t h e Ne and C0, l i n e s i n t h e p r o u s t i t e presented problems because, a t wavelengths as long as t h e required C0, t r a n s i t i o n (11.2 w), absorption i s appreciable. As a r e s u l t , i f s u f f i c i e n t power f o r t h e d i f f e r e n c e frequency generation i s applied continuously, t h e c r y s t a l overheats and i s damaged o r a t l e a s t i s unstable. This problem was overcome by chopping t h e C02 beam a t 77 Hz i n such a way t h a t the beam was o f f f o r 90% o f t h e time, during which t i m e t h e detection c i r c u i t r y was a l s o gated o f f ; under these conditions t h e CO, power could be as high as 10 W without damage t o t h e c r y s t a l . According t o the l i t e r a t u r e ( 9 ) , type I 1 phase matching ought t o produce s i g n i f i c a n t l y l e s s absorption a t 11.2 rn a t a s a c r i f i c e o f only a f a c t o r two i n the conversion e f f i c i e n c y .
However, i t was i n fact found t h a t heating e f f e c t s appeared t o be worse w i t h t y p e I1 matching and so type I w i l l be used.
A search f o r t h e beat between t h e two synthesized 1.28 lm~ signals i s now i n progress. Although t h e i n d i v i d u a l signals obtained give a l a r g e S/N w i t h one second averaging, t h e j i t t e r i n t h e 1 GHz beat due t o l a s e r i n s t a b i l i t i e s w i l l make necessary a much greater bandwidth f o r t h e search and i
This system would u t i l i z e a W-Ni diode t o compare d i r e c t l y a Fig. 7 Chain t o measure frequency o f Ne 1.15 rn l i n e using Ne 1.5 p and C02.
1.5
He-Ne l a s e r output t o the sum o f t h e t h i r d harmonic o f t h e 9 R(18) 1 i n e o f 12C1802 and the t h i r d harmonic o f t h e 9 fl R(44) 1 i n e o f 12C160 . The 1.5 l i n e would then be added t o t h e 9fl R(22) 12C1602 l i n e and compa?ed t o t h e d i f f e r e n c e between t h e 1.15 g l i n e o f Ne and t h e 9@ R(20) 13C1602 l i n e , both syntheses being made i n p r o u s t i t e . Unlike t h e case i n t h e previous!y described scheme, t h e p r o u s t i t e i s used i n a region (9 p) where absorption i s low. The main u n c e r t a i n t y i s whether t h e signal f o r t h e f i r s t step can be seen. Evenson (Priv. Comm.) has t r i e d t o beat t h e 1.5 fl l i n e against the s i x t h harmonic o f a CO l i n e , plus a k l y s t r o n frequency, but was unsuccessful i n f i n d i n g a signal. 6e are nevertheless encouraged by t h e f a c t t h a t we are using a harmonic order o f one l e s s (the k l y s t r o n frequency i s n o t required) and Evenson has shown t h a t t h e diode apparently responds e l e c t r i c a l l y i n t h i s region. Success i n t h i s step may simply be a question o f using s u f f i c i e n t l y w e l l s t a b i l i z e d l a s e r s t o r e a l i z e a much narrower bandwidth.
The l a s t stage i n t h i s p a r t o f t h e chain s e t up by G. Hanes was achieved a t N.R.C. and EBFG. The 1.15 r a d i a t i o n produced by t h e He-Ne plasma tube i s focussed i n t o t h e LiNbO c r y s t a l which i s accurately temperature c o n t r o l l e d ( a t 173.0°C), f o r ghase matching t o produce t h e doubled frequency a t -576 pn (520 THz).
An a d d i t i o n a l phase matching requirement i s s a t i s f i e d by t h e special d i s p e r s i v e r e f l e c t o r a t E t o ensure t h a t t h e r e f l e c t e d second harmonic i s i n phase w i t h t h e second harmonic generated by t h e ref-tected fundamental. An I, c e l l i n t h e second cavity, resonant a t t h e doubled frequency, produces saturated absorption features t h a t can k used f o r s t a b i 1 i z a t i on. Scanning and servo-control o f the c a v i t y arms AC, CE and EG are s u i t a b l y coordinated so as t o be resonant simultaneously a t t h e required frequencies. About 100 pw o f 1.15 pm r a d i a t i o n was emitted a t A and about 20 pw o f 0.576 p r a d i a t i o n a t G, both being frequency c o n t r o l l e d by the same I absorption l i n e . The f o r t u n a t e I hyperfine spectrum a t 520 THz i s shown i n f i g u r e 9; t h e strong component a t tfie l e f t , where t h e gain has been reduced by a f a c t o r 10, i s p a r t i c u l a r l y noteworthy. The l i n e , having a demonstrated Q o f a t l e a s t 3 x lo8, ought t o provide a good standard, b u t a d e t a i l e d study o f i t s c h a r a c t e r i s t i c s has not y e t been made.
Genera7
Remarks.-The frequency chain described above now appears t o have an excel l e n t chance o f f u l f i l l i n g t h e aim of making possible frequency measurement up t o the v i s i b l e p a r t o f t h e spectrum, i n terms of t h e primary standard. However, i n order t o a t t a i n an accuracy t h a t i s l i m i t e d by t h e r e p r o d u c i b i l i t i e s o f t h e standards a t each end o f t h e chain, i.e. o f t h e order o f one p a r t i n 1013, a considerable amount o f work remains t o be done t o overcome some k n o t t y technical problems, f o r t h i s as w e l l as f o r o t h e r proposed chains described i n t h e l i t e r a t u r e . Although f e a s i b i l i t y o f t h e measurement o f a v i s i b l e l i n e has, i n a sense, been demonstrated (lo), t h a t measurement ( o f an I* l i n e a t .576 g ) depended on t h e use o f t h e molecular constants o f CO f o r reference t o t h e primary standard; the most accurate value f o r the frequency o f t h e l i n e i s s t i l l based on a wavelength comparison. Even a f t e r successful operation o f systems, such as t h a t described, allows t h e accurate measurement o f frequency standards i ; t h e v i s i b l e , they w i l l probably be l i m i t e d f o r some t i m e t o widely spaced bench marks"; special experiments w i l l be necessary t o perform t h e i n t e r p o l a t i o n required t o measure l i n e s o f p a r t i c u l a r importance, such as t h e H, l i n e a t 656 nm used t o measure -t h e Rydberg constant. The convenience and accuracy, now associated w i t h frequency measurement i n t h e microwave region, w i l l n o t be possible i n t h e o p t i c a l region without a considerable improvement i n t h e t o o l s available: tunable lasers, broad band nonlinear mixers and very high speed detectors. The best W-Ni p o i n t contact diodes have excel l e n t p r o p e r t i e s o f s e n s i t i v i t y and high non-linear c o e f f i c i e n t s and, i f i t weren't f o r t h e i r f r a g i l i t y and t h e u n c e r t a i n t i e s i n t h e process o f producing t h e best ones, t h e task o f phasel o c k i n g up t o about 200 THz would be almost straightforward. Attempts have been made t o produce more uniform, rugged detectors by t h e use o f vacuum deposition (11, 12, 13) but so f a r no p r a c t i c a l device f o r t h e h i g h frequency range has been demonstrated.
A major problem has been t o produce a s u f f i c i e n t l y small contact area.
The author has r e c e n t l y made some experiments w i t h vacuum deposited devices t h a t showed very i n t e r e s t i n g p r e l i m i n a r y results. The approach was based on two p r i n c i p l e s : (1) t h a t only t h e area per u n i t l e n g t h need be very small i f i r r a d i a t i o n on a l i n e j u n c t i o n i s coherent along i t s length; (2) t h a t t h e narrow contact along t h e edge o f a deposited f i l m would provide small enough area per u n i t length (12) .
Devices were made by breaking glass substrates on which Ni had been deposited and subsequently evaporating A1 as a counterelectrode on t h e broken edge, i n c l u d i n g t h e edge o f Ni f i l m which had been allowed t o o x i d i z e i n a i r a t room temperature; the Ni -NiO-A1 contact area was estimated t o be about 40 nm high by 200 pm long.
Preliminary r e s u l t s have shown t h a t t h e diodes respond a t room temperature t o 30 THz r a d~a t i o n , g l v l n g t y p~c a l l y S/M = 40 db f o r a 25 MHz beat signal between two l a s e r outputs o f about 100 mW each. A beat was observed between a Gunn o s c i l l a t o r output a t -40 GHz and t h e d i f f e r e n c e frequency, a l s o about 40 GHz, produced by two CO l a s e r s operating on neighboring t r a n s i t i o n s . The devices a l s o e x h i b i t e d an i n t e r e s t i n g b i s t a b l e switching phenomenon: when overloaded, whether by bias current o r by l a s e r r a d i a t i o n , the normal -30 n resistance would switch t o about 108 n; i f subsequently a high voltage w i t h lim i t e d c u r r e n t was applied, t h e device would r e v e r t more o r l e s s t o i t s o r i g i n a l state, both as regards i t s resistance and i t s response as a 30 THz detector. This work as w e l l as some recent q u a n t i t i v e work on W-Mi p o i n t contact diodes by B. Whitford (submitted f o r p u b l i c a t i o n t o IEEE J. Quantum Electron.) suggests t h a t a t present t h e understanding o f t h e mechanism o f metal-oxide metal detectors f o r t h e THz region i s i n a very p r i m i t i v e state. Perhaps one can hope, without undue optimism, t h a t great improvements i n p r a c t i c a l devices w i l l f o l l o w w i t h a b e t t e r understanding.
